In vitro dierentiation of c-myb
Introduction
Gene ablation studies in the mouse have signi®cantly advanced our knowledge about the role of signal transduction, in particular the contribution of speci®c transcriptional regulation, to the development of the haemopoietic system. A hierarchy is beginning to emerge for the stages at which individual transcription factors are essential for progression from precursors to more committed or dierentiated states. The common progenitor of endothelial and haemopoietic lineages (the haemangioblast) is unable to give rise to haemopoietic cells in the absence of the helix ± loop ± helix factor SCL (Shivdisani et al., 1995a; Porcher et al., 1996; Elefanty et al., 1997) , and endothelial cell formation also appears to be compromised (Visvader et al., 1998) . The LIM domain protein Lmo2 and the runt domain protein Aml-1 both seem to be crucial for adult haemopoiesis, although some degree of commitment of haemangioblasts must be occurring during development because early embryonic (primitive) blood formation is seen (Yamada et al., 1998; Okuda et al., 1996) . Embryos homozygous for an ablated allele encoding the zinc ®nger protein GATA-2 also fail gestation because foetal liver haemopoiesis does not develop correctly (Tsai et al., 1994) . Loss of function of other transcription factors can have a more limited eect on haemopoiesis. For example, ablation of the ets domain protein PU-1 results in a multilineage defect in the generation of progenitors for B and T lymphocytes, monocytes and granulocytes (Scott et al., 1994; McKercher et al., 1996) . In contrast, the GATA cofactor FOG-1 in¯uences both erythroid and megakaryocytic cell dierentiation (Tsang et al., 1998) possibly re¯ecting an essential role in the bipotential precursor of these two lineages. A much more lineagerestricted eect is seen in mice lacking the genes for GATA-1, NFE-2, EKLF and mafG which have speci®c defects in the terminal maturation of either erythroid cells or megakaryocytes (Pevny et al., 1991; Shivdisani et al., 1995b; Nuez et al., 1995; Shavit et al., 1998) .
The c-Myb protein, originally de®ned as the protooncogenic counterpart of the acutely transforming vMyb oncoprotein in chickens (reviewed in Lipsick and Wang, 1999) , is also an important factor in early haemopoietic development of mammals (reviewed in Frampton and Graf, 1998; Weston, 1998; Oh and Reddy, 1999) . Mice homozygous for an inactivated cmyb gene fail to develop adult haemopoiesis in the foetal liver and consequently die at day 15 of gestation (Mucenski et al., 1991) . Presently, it is not known why haemopoiesis is blocked in c-myb 7/7 mice, but it is assumed that c-Myb normally regulates the transcription of genes controlling growth, survival or dierentiation (reviewed in Ness, 1996) . Recently, however, some advances have been made in identifying the stage at which the absence of c-Myb causes a block. In vitro culture of the aorta-gonad-mesonephros (AGM) region of c-myb 7/7 embryos revealed a lack of proliferating haemopoietic cells, although partial rescue by infection with a retrovirus expressing c-Myb suggested that some cells, presumably very immature progenitors or even uncommitted haemangioblasts, were present (Mukouyama et al., 1999) . Allen et al. (1999) took the approach of generating chimaeras with c-myb 7/7 ES cells in a Rag-1 7/7 background to demonstrate that the earliest identi®able T cell precursor may be committed in the absence of c-Myb, but this is not able to progress further. In the accompanying paper (Sumner et al., 2000) we have gone further by analysing both adult and embryonic haemopoietic tissues in chimaeras of c-myb 7/7 ES cells in a wild type background in combination with a detailed examination of c-myb
embryos at the earliest stages of foetal liver development. This study allowed us to conclude that in the absence of c-Myb the de®nitive programme of haemopoiesis can be initiated allowing cells to seed the foetal liver, but subsequent expansion of cells is compromised by a`block' at an early progenitor stage.
An approach which has been successfully applied to further understand the eect of ablation of transcription factor function on haemopoiesis has been to study the in vitro dierentiation of embryonic stem (ES) cells which are homozygous for the mutated allele of the transcription factor. Several strategies exist for eliciting haemopoietic dierentiation from ES cells, although the most widely used has been embryoid body formation in semi solid media upon removal of the growth factor (Wiles and Keller, 1991; Faust et al., 1994) . In this way it was possible to demonstrate that deletion of GATA-2 aects both the proliferation and survival of early haemopoietic cells and also in¯uences mast cell formation (Tsai and Orkin, 1997) , and to identify more precisely the consequences of GATA-1 ablation Suwabe et al., 1998) . Elefanty et al. (1997) performed a detailed kinetic analysis of in vitro dierentiation of scl 7/7 ES cells and were thus able to identify the endothelial/haemopoietic commitment decision as a crucial point in the biological function of SCL.
Here we describe a detailed comparative kinetic analysis of the in vitro haemopoietic dierentiation of wild-type and c-myb 7/7 ES cells. By a combination of colony assays of progenitor potential and parallel measurement of the expression of speci®c genes and surface antigens we are able to propose that the absence of c-Myb results in an accumulation of de®nitive myeloid progenitor cells. Interestingly, we can show that early unilineage macrophage precursor development and dierentiation is c-Myb independent.
Results

In vitro haemopoietic differentiation of c-myb 7/7 ES cells
In order to determine the capacity of c-myb 7/7 cells to undergo haemopoietic commitment and dierentiation without the complication of the competitive in vivo environment and to facilitate a detailed kinetic analysis we performed in vitro dierentiation of c-myb 7/7 ES cells. Haemopoietic dierentiation was initiated by seeding ES cells in methylcellulose medium in the absence of LIF. The growth factor conditions were such as to favour the outgrowth of myeloid cells (Faust et al., 1994) . The formation of embryoid bodies (EBs) was similar for both the wild type and c-myb 7/7 ES cells with the exception that the size and frequency of EBs was reduced (less than twofold) in the case of the c-myb 7/7 cells (Figure 1 ). At the gross morphological level, it was also clear that haemopoietic dierentiation was being induced with similar kinetics in that haemoglobinized`b lood islands' and a halo of monocytic cells could be seen after 9 and 13 days, respectively (Figure 1 ).
The generation of haemopoietic colony forming cells is differentially compromised in c-myb 7/7 embryoid bodies
To assess the relative content of haemopoietic progenitors during the course of in vitro dierentiation we collected EBs between 4 and 15 days. After disruption into a single cell suspension, colony assays were set up under conditions which would allow outgrowth of erythroid (CFU-E and BFU-E) and myelomonocytic (CFU-GM and CFU-M) colony forming cells. Erythroid progenitors (CFU-E) were ®rst apparent in wild type EBs on day 6 of in vitro dierentiation, and their number rose to a peak at day 8 ( Figure 2a ). Similar kinetics were seen for the formation of CFU-Es in c-myb 7/7 EBs, but their numbers were reduced relative to the wild type, and the colonies were generally smaller and appeared to be dying ( Figure 3a compared to d) . BFU-Es could be seen ®rst in wild type EBs at day 7 and reached a maximum at day 8, whereas none could be detected in the c-myb 7/7 EBs ( Figure 2b ). The assessment of myelomonocytic progenitors likewise revealed similarities and dierences between the wild type and mutant EBs. CFU-M were ®rst detectable at day 7 but, interestingly, the peak levels were at day 8 in the wild type EBs and occurred 1 day earlier in the dierentiation of c-myb
ES cells (Figures 2c and 3b compared to e). A second`wave' of CFU-M started to appear later between days 13 and 15 in the wild type but not the mutant EBs. Bipotential CFU-GM progenitors could only be detected in wild type EBs, appearing at day 7 and increasing dramatically at day 13 (Figures 2d and 3c) . EBs appeared to be similar we selectively cultured the macrophage to determine whether there were any dierences in their growth or dierentiation properties. Cells were grown in bacterial grade dishes in the presence of IL-3 and M-CSF. That these cells represented functional macrophages was con®rmed by demonstrating their ability to phagocytose beads (Figure 4g ,h). Immunohistochemistry was performed using antibodies speci®c for macrophages; no dierence could be detected in the staining with either F4/80, which recognizes a macrophage speci®c serpentine receptor, or with Mac1, which binds the lineage restricted a M integrin CD11b (Figure 4b compared to e and c compared to f, respectively).
RT ± PCR analysis of wild type and c-myb 7/7 embryoid bodies
In addition to performing CFU assays at various times from disrupted EBs we prepared RNA in order to analyse gene expression. After synthesis of oligo-dT primed cDNA, we used oligonucleotide primer pairs to detect a wide range of lineage-and progenitorrestricted RNA molecules by PCR. The cycles of PCR were adjusted to achieve ampli®cation in the linear range and the amount of input cDNA was normalized relative to HPRT ( Figure 5 ).
Expression of RNA for the VEGF receptor encoded by the¯k-1 gene was apparent at day 4 of EB dierentiation, and showed no dierence between the wild type and c-myb 7/7 cells ( Figure 5a ). As markers of erythroid dierentiation we looked at the RNAs for the embryonic z and the adult b maj globins. Correlating with the presence of CFU-E, the globin RNAs could ®rst be detected at day 7 of EBs, expression in the mutant EBs dropping o at the latest time point. Expression of RNAs for lysozyme, the chemokine receptor F4/80, and the M-CSF receptor encoded by the c-fms gene were used to assess the extent of monocyte-macrophage lineage dierentiation. Interestingly, and again correlating with the CFU-M assay results, expression of each of these RNAs was advanced by approximately 1 day in the c-myb 7/7 EBs compared to dierentiating wild type cells. Although we did not speci®cally determine megakaryocytic progenitor numbers in the colony assays, we were able to detect expression of RNA encoding platelet factor 4 (PF4), a characteristic marker of dierentiated megakaryocytes (Ravid et al., 1991) . As for the expression of globin RNAs, we could detect little dierence in PF4 levels between the wild type and mutant EBs, with the exception that the levels fell towards the later stages of dierentiation of the c-myb
cells. In contrast, acetylcholine esterase (AChE) RNA, which amongst haemopoietic cells is restricted to the megakaryocytic lineage and whose expression is switched on earlier than PF4 (Long and Williams, 1981) , clearly accumulated from an earlier point and reached higher levels in c-myb 7/7 EB dierentiation. Similarly, RNA encoding the megakaryocytic a integrin gpIIb (CD41) could be detected at day 7 in the c-myb 7/7 cells compared to day 9 in the wild type EBs, and also appeared to accumulate to a greater extent ( Figure  5b ).
Next we looked at a number of markers characteristic of haemopoietic progenitors. Strikingly, the level of CD34 RNA was at its maximal level in c-myb
cells 4 days in advance compared to the wild type EBs, its ®rst appearance being at day 7. A very similar pattern of advanced expression was also seen for c-kit RNA. Lastly, transcription of the c-mpl gene, encoding the thrombopoietin receptor which is present not only on cells of the megakaryocytic lineage but is now known to be active on multilineage progenitors (Alexander et al., 1996) , showed both advanced and highly elevated expression in c-myb 7/7 compared to wild type EBs (Figure 5c ). ES cells are phagocytic and express mature macrophage markers. Macrophages generated from wild type (a,b,c and g) or c-myb
ES cells (d, e, f and h) were stained with a negative control antibody (a,d), F4/80 (b,e) and Mac1 (c,f). To demonstrate phagocytic activity, macrophages were allowed to engulf magnetic beads (g, wild type; h; c-myb 7/7 ). The arrows indicate contaminating ®broblasts from the ES cell culture which are unable to phagocytose the beads Figure 5 RT ± PCR analysis of mRNA expression during dierentiation of wild type and c-myb 7/7 ES cells. Equivalent amounts of cDNA, based on calibration using HPRT, were ampli®ed by PCR using oligonucleotide pairs for the genes indicated. The cells used to generate RNAs were those which were also seeded in the CFU assay depicted in Figure 2 . Similar results from RNA analyses were obtained from independent dierentiation experiments on wild type and c-myb 7/7 ES cells. The EB dierentiation of wild type ES cells depicted in e is from a separate experiment to that shown in a ± d. The sequences of the oligonucleotides used are listed in Table 1 To further characterize the apparent increase in the expression of a progenitor phenotype during dierentiation of c-myb 7/7 cells and possibly to probe the underlying cause, we next analysed the expression of a number of transcription factor genes. We ®rst examined c-myb RNA itself in wild type ES cells in order to gain information about the time course of its expression pro®le and to correlate it with the expression of the other transcription factor genes. cmyb was expressed throughout EB development, but was upregulated between day 7 and day 9 of in vitro dierentiation (Figure 5e ). GATA-1 is crucial for maturation of erythroid and megakaryocytic cells Shivdisani et al., 1997) , and the kinetics of its RNA expression closely paralleled that of the globins in that it was ®rst detected at day 7 in both the wild type and c-myb 7/7 EB dierentiations (Figure 5d ). NF-E2 is also implicated in erythroid gene regulation and is essential for terminal megakaryocyte dierentiation (Shivdisani et al., 1995b) , and re¯ecting this its expression pro®le is similar to that of GATA-1. Genetic ablation of the leucine zipper transcriptional regulator mafG also results in a speci®c megakaryocytic defect (Shavit et al., 1998) . Unlike GATA-1 and NF-E2, mafG RNA could be detected earlier in EBs at day 4/5 and persisted throughout the course of dierentiation; moreover, expression in c-myb 7/7 cells showed elevated levels on days 9 and 11 compared to the wild type.
Since the assays of progenitors by in vitro colony formation revealed that CFU-M were ®rst detectable at day 7 in both wild type and c-myb 7/7 EB dierentiation, but that the peak levels occurred 1 day earlier in the mutant, we looked at several transcription factors which have been implicated in myelomonocytic lineage commitment and speci®c gene expression. No consistent dierence was found for the expression of the basic leucine zipper factors C/EBPa and b, both being present from the earliest time points of EB formation (data not shown). c-Ets-2 has been associated with dierentiation along the monocyte-macrophage lineage; its expression was the same in the wild type and cmyb 7/7 EBs, showing a biphasic pattern with peak levels at days 7 and 11.
Lastly, we considered a number of transcription factors which have been linked to the formation or maintenance of haemopoietic progenitors. The helix ± loop ± helix factor SCL has been shown to be crucial very early in haemopoiesis, possibly controlling commitment from the haemangioblast (Elefanty et al., 1997; Visvader et al., 1998) , and also to play a role in the bipotential erythroid-megakaryocyte progenitor (Elwood et al., 1998) . Expression levels were very low during the course of wild type EB dierentiation, but in contrast, SCL mRNA could be detected easily in the c-myb 7/7 cells, commencing at day 7 and peaking at day 9 ± 11. A similar distinction between wild type and mutant dierentiation was seen for the RNA encoding the LIM domain protein Lmo2 which has been shown to be essential for adult haemopoiesis (Yamada et al., 1998) . In c-myb 7/7 EBs, expression of Lmo2 was detectable at day 4 and reached a maximum at day 9. An equally dramatic, but qualitatively distinct, dierence between the wild type and mutant EBs was seen for GATA-2, genetic ablation of which results in a profound de®cit in the proliferation of haemopoietic progenitors (Tsai et al., 1994) . As described previously (Elefanty et al., 1997) , GATA-2 was detectable early during in vitro dierentiation at day 5; however, the subsequent decrease in expression seen in the wild type did not occur in the c-myb 7/7 cells, and high level expression was maintained until day 15.
Higher levels of cells with a progenitor surface antigen phenotype are present in c-myb 7/7 EBs
Although the RT ± PCR analysis indicated that, compared to wild type ES dierentiation under haemopoietic conditions, c-myb 7/7 EBs are characterized by earlier and/or more prolonged expression of RNAs encoding progenitor antigens and transcription factors, the colony assays only showed limited presence of CFU-M from day 9 onwards. To examine whether cells with a progenitor phenotype, but unable to form colonies, were being generated during dierentiation of the mutant ES cells, we dispersed day 13 wild type and c-myb 7/7 EBs with collagenase and stained cells with monoclonal antibodies speci®c for CD34 and Sca1. As shown in Figure 6 , increased proportions of cells expressing CD34 and Sca1 were present in c-myb
EBs.
Discussion
Precursor commitment and differentiation during primitive haemopoiesis is differentially affected between the macrophage and erythroid lineages
Under appropriate conditions, in vitro dierentiation of ES cells recapitulates many aspects of the normal ontogeny of the haemopoietic system (Wiles and Keller, 1991; Faust et al., 1994; Nakano et al., 1994) . The absence of competition in terms of outgrowth of populations of particular haemopoietic cells also means that cellular phenotypes might be seen which would be Figure 6 Flow cytometric analysis of CD34 and Sca1 antigen expression on cells derived from EBs. Cells obtained by collagenase dispersion of wild type and c-myb 7/7 EBs were stained with anti-CD34-Biotin, anti-Sca1-Biotin and appropriate biotinylated isotype controls followed by binding of Streptavidin-PE. Labelled cells were then analysed by¯ow cytometry (Mucenski et al., 1991) . The simplest explanation for these results is that the programme of embryonic (primitive) haemopoiesis is occurring essentially unaected by the absence of c-Myb but that later, adult (de®nitive) haemopoiesis is de®cient. More recently, it was shown that some degree of commitment to adult lymphoid and myeloid haemopoiesis can be demonstrated (Allen et al., 1999; Sumner et al., 2000) . In this study we have been able to show that progenitors which can be de®ned by in vitro colony forming ability, are initially produced in parallel in wild type and c-myb 7/7 embryoid bodies. CFU-E and CFU-M were ®rst seen on day 6 and 7, respectively. BFU-E and CFU-GM were only detected in dierentiating wild type EBs, essentially con®rming the in vivo studies. However, our analyses revealed previously unknown alterations in the programme of haemopoietic development resulting from the absence of c-Myb. Although the kinetics of CFU-E appearance are similar between wild type and mutant EB dierentiation, the cmyb 7/7 EBs were characterized by far fewer CFU-E and no BFU-E. In addition, CFU-E numbers declined more rapidly in EBs derived from c-myb 7/7 compared to wild type ES cells. Since it was not possible to resolve a ®rst (primitive) and second (de®nitive) wave of CFU-Es in the wild type EBs, then the simplest explanation is that the larger number of CFU-Es generated during wild type ES dierentiation represents the sum of both ontogenic phases and that only primitive CFU-E are produced from c-myb 7/7 cells. In contrast to CFU-Es, the frequency of wild type and c-myb 7/7 CFU-M formation up to day 11 was very similar. In addition, the onset of CFU-M formation in the mutant EBs seemed to be earlier as compared to wild type EBs and, if anything, the numbers of CFU-M appearing around day 7 in cmyb 7/7 EBs were greater. It is possible that this ®rst wave' of CFU-Ms consists of primitive macrophage precursors, and that the second wave of CFU-M which can just be discerned at day 13 ± 15 in the wild type corresponds to the emergence of the de®nitive programme of haemopoiesis. Indeed, distinct primitive and de®nitive macrophage progenitors have been proposed (Takahashi et al., 1989; Faust et al., 1997; reviewed Naito et al., 1996) . Primitive macrophages are thought to develop via a unilineage precursor, whereas macrophages appearing later in development develop via multipotent progenitors (CFU-GMs or CFU-mix). Presently, we cannot clearly distinguish whether the cMyb independent CFU-Ms we observe in our dierentiation cultures are primitive, de®nitive or a mixture. The only indication that they may be primitive, or at least ontogenically distinct from adult progenitors, is that the ®rst signs of a second wave of CFU-M, paralleling the appearance of CFU-GM, could be seen between days 13 and 15 in the dierentiation of wild type EBs. From day 18 of EB development onwards, however, large dierences in total macrophage numbers between wild type and c-myb 7/7 EBs are observed, indicating the presence of highly proli®c committed precursor cells originating from the CFU-GMs appearing at late stages of dierentiation (data not shown).
Interestingly, Palis et al. (1999) recently reported a detailed study of haemopoietic progenitor formation in early embryos, and were able to demonstrate primitive erythroid and macrophage CFUs arising in the body of the embryo at day 7 followed by a second wave of de®nitive precursors forming in the pre-circulation yolk sac at day 8.25 characterised ®rstly by the appearance of BFU-E. De®nitive CFU-E, presumably deriving from the BFU-E, could only be seen later once foetal liver haemopoiesis was established. Low level expression of c-myb RNA was observed in the yolk sac just prior to and during this early development of de®nitive progenitors. Although there are most certainly dierences between the`ontogeny' of haemopoietic development in vitro and the in vivo situation, it is tempting to conclude that c-Myb is crucial for the development of progenitors arising during the second wave of early yolk sac haemopoiesis. Interestingly, we showed recently that c-myb 7/7 embryos exhibit a phenotype earlier than the previously described eects in the foetal liver (Mucenski et al., 1991) and AGM (Mukouyama et al., 1999) in that they are depleted of day 8.5 yolk sac progenitors compared to the wild type (Sumner et al., 2000) .
The programme of transcription during the differentiation of c-myb 7/7 EBs indicates an accumulation of definitive progenitors
The pro®le of erythroid gene expression was found to be very similar between the wild type and mutant EBs. Hence, the mutant erythroid cells expressed adult (b maj ) as well as embryonic (z) globins with kinetics which were indistinguishable from the wild type apart from a drop in the expression of both globins at day 13 which paralleled the decline in c-myb 7/7 CFU-Es. This suggests that reduced CFU-E number re¯ects a defect which is less apparent in the intact c-myb 7/7 EB (in fact, the gross morphology of the blood islands looked very similar in the intact EBs) and only becomes obvious once the erythroid progenitor cells are required to form colonies in vitro. It is known that primitive erythroid cells can express both primitive and adult globins (Trimborn et al., 1999) so this observation does not necessarily imply that any de®nitive erythropoiesis can occur in the cmyb 7/7 EBs. However, this result could also indicate that within the embryoid body precursors which are committed to de®nitive haemopoiesis arise and that although most are blocked, some undergo terminal dierentiation. Even if the precursors are indeed capable of some degree of self-renewal within the embryoid body, this capacity cannot extend to growth in vitro since no de®nitive CFU are generated. In further support of the idea of limited dierentiation is the fact that a marker of terminally dierentiated megakaryocytes, namely PF4, was also expressed in both the wild type and mutant EBs in spite of a total absence of identi®able megakaryocytecontaining colonies.
The kinetics of expression of RNAs characteristic of macrophage dierentiation matched well with the colony assays in the sense that indicators of macrophage commitment (c-fms) and markers for more mature cells (lysozyme and F4/80) could be seen coincident with the appearance of CFU-M. Their levels increased progressively during the course of EB dierentiation, presumably as the pool of progenitors committed to terminal dierentiation. Unlike globin gene expression, no drop-o was seen in the levels of these markers. This could re¯ect the fact that macrophages, unlike erythroid cells, are a very stable cell population which, once dierentiated, can survive under our culture conditions for several weeks and thus continue to accumulate.
Similar to recent ®ndings by Allen et al. (1999) showing early, but blocked, de®nitive T-cell progenitors in the c-myb
thymus, our study of c-myb
chimaeras as early as day 11 of the gestation (Sumner et al., 2000) revealed that cells with a de®nitive progenitor phenotype reach the foetal liver, but develop no further. This implies that c-Myb is not required for the establishment of de®nitive precursors, but instead is necessary for their subsequent development. Most interestingly from the present study is the fact that these in vivo observations are supported and extended by our in vitro kinetic analysis of gene expression. This revealed that, even though dierentiating c-myb 7/7 EBs generated no assayable BFU-E or CFU-GM, the levels of RNAs of characteristic progenitor markers were equal or higher than seen in wild type EBs. Paralleling these results, an increased proportion of CD34 + and Sca1 + cells in the c-myb 7/7 EBs indicated the presence of committed haemopoietic progenitors. The earlier and/or increased expression of RNAs corresponding to CD34, c-Mpl and c-Kit in c-myb 7/7 EBs was re¯ected by the levels of the transcription factors SCL, Lmo2 and GATA-2 which have all been linked to a haemopoietic progenitor phenotype (Shivdasani et al., 1995a; Porcher et al., 1996; Elefanty et al., 1997; Yamada et al., 1998; Tsai et al., 1994; Tsai and Orkin, 1997) . Our results on RNA levels were not caused by some general increase in expression of a wide range of genes in c-myb mutant EBs since endothelial and erythroid gene expression as well as the levels of the RNAs of the transcription factors GATA-1, GATA-3 (data not shown) and NF-E2 were unchanged. This suggests that in the hierarchy of transcription factor involvement in haemopoiesis, the function of c-Myb is required after SCL, Lmo2, and GATA-2, but is nevertheless crucial to progenitor expansion and progression. Future studies will be directed at isolating the cells obtained from in vitro dierentiation which express progenitor antigens so that we can more closely study their phenotype, their transcription factor expression and hopefully identify the targets of c-Myb.
Materials and methods
Cells
To obtain an ES cell line homozygous for the mutant c-myb allele, heterozygous c-myb +/7 ES cells (a CCE clone derived using the targetting strategy described in Mucenski et al., 1991) were selected in the presence of raised concentrations of G418 (Mortensen et al., 1992) .
In vitro haemopoietic differentiation of ES cells
In vitro dierentiation of ES cells was essentially performed as described in Faust et al. (1994) . Undierentiated ES cells were plated in methylcellulose (2.3% Stempro in IMDM, Gibco-BRL) to give a ®nal concentration of 1.1% methylcellulose supplemented with 10% foetal calf serum (batch tested to support ES cell dierentiation), 10 mg/ml bovine insulin (Gibco-BRL), 0.15 mM monothioglycerol (Sigma). To stimulate macrophage growth, recombinant IL-1 (a generous gift of the Genetics Institute) was added at 100 U/ml as well as 5% IL-3 containing conditioned media and 10% M-CSF conditioned media.
Kinetics of haemopoietic precursor formation in developing embryoid bodies
Both wild type and c-myb 7/7 ES cells were plated in in vitro dierentiation (IVD) media at an appropriate cell concentration to give approximately equal numbers of embryoid bodies (c-myb +/+ , 1.5610 3 /ml; c-myb
, 4610 3 /ml giving about 200 EBs/ml). Four ml of IVD media was plated in 5.5 cm bacteriological grade petri dishes (Fisher brand). Enough dishes were set up so that multiples could be used for the earlier time points to compensate for the small size of the EB. Dishes containing developing embryoid bodies were harvested at varying time points by transferring to a universal tube and washing away the methylcellulose in an excess of PBS. For RNA extraction, undigested EBs were placed directly into Trizol (Gibco-BRL) and RNA was prepared following the manufacturer's instructions. The remaining EBs were dissociated into a single cell suspension using 0.2% collagenase in PBS/20% FCS and incubating for 30 min at 378C. The EBs were then further dissociated by passing through a 20-gauge needle. The collagenase was washed o and the resulting cell suspension was counted and plated at 1610 5 in a murine CFU-mix assay (Methocult M3434, Stem Cell Technologies, containing 1% methylcellulose Iscove's MDM, 15% FCS, 0.1 mM 2-mercaptoethanol, 2 mM Lglutamine, 1% BSA, insulin (10 mg/ml), iron saturated human transferrin (200 mg/ml), rmIL-3 (10 ng/ml), rhIL-6 (10 ng/ml), rmSCF (50 ng/ml) and rhEpo (3 U/ml)) in duplicate 1 ml cultures in 30 mm petri dishes (Sterilin). The dishes were ®rst scored for haemopoietic colonies after 3 days when the appearance of CFU-E were observed. The CFU-E obtained were generally of a small colony size tinged with orange/red haemoglobin. In general, the wild type CFU-E were of a larger size and more haemoglobinized compared to those derived from c-myb 7/7 ES cells. After several days in culture the CFU-E began to deteriorate making detection more dicult. The myeloid colonies and BFU-E were scored from about day 8.
Assays of macrophage phenotype
EBs were harvested from day 13 of dierentiation in the IVD assay. The methylcellulose was removed by washing in PBS and the EBs were dissociated into a single cell suspension by passing through a 20-gauge needle. An equivalent number of cells from both groups were diluted in liquid media in bacteriological grade petri dishes optimal for macrophage growth: IMDM/glutamax containing 10% FCS, 0.15 mM monothioglycerol, 10% M-CSF containing conditioned media, 5% IL-3 containing conditioned media, 100 U/ml penicillin/streptomycin (Gibco-BRL). After several days of culture a predominantly non-adherent population of macrophages were evident. Immunostaining was performed after allowing the cells to adhere to glass 15-well slides (ICN Biomedicals Inc., OH, USA) or transferring them to 8-well chamber slides (Lab-Tek, Nunc). Cells were ®xed in 4% paraformaldehyde for 20 min, washed in PBS and allowed to air dry. Staining was performed with non-conjugated primary monoclonal antibodies to mature macrophage markers (F4/ 80 and Mac-1; hybridoma supernatant, a generous gift from Peter Leenen). Ten ml of undiluted antibody was applied to each well of the 15 well slide, and 20 ± 30 ml to each well of a 8-well chamber slide. The primary antibody was incubated for 30 min at room temperature and then washed in several changes of PBS. The secondary antibody (anti-rat IgG-Texas red) was used at a dilution of 1 : 100 (in PBS/2% FCS), incubated for 30 min and washed o as for the primary antibody. As a negative control the primary antibody was omitted. The immuno¯uorescence staining was photographed using an inverted¯uorescence microscope (Axiovert 135 TV, Zeiss). In order to test the phagocytic capacity of these cells we added Dynabeads (Dynal, Norway) to the petri dish in the macrophage media. After about an hour cells had engulfed the particles from the surrounding media and were washed once with PBS.
Immunofluorescent staining and flow cytometry
EBs were dissociated into a single cell suspension using 0.2% collagenase in PBS/20% FCS and incubation for 30 min at 378C. ES cells dierentiating under endothelial conditions were removed non-enzymatically from the dish using Splittix (Autogen Bioclear). Monoclonal antibodies were used either directly conjugated (c-Kit-PE, CD45-FITC, CD34-Biotin, Sca1-Biotin) or indirectly labelled (Flk-1) using an appropriate isotype-speci®c conjugated secondary antibody (antirat IgG2a/IgG2b-FITC). All unconjugated and conjugated antibodies were obtained from PharMingen/Becton Dickinson. Stained cells were run immediately through a Becton Dickinson FACS Calibur employing CellQuest software.
RT ± PCR
RNA was isolated and processed as previously described (Chomczynski and Sacchi, 1987) . To generate single-stranded cDNA, 2 mg of total RNA was reverse transcribed at 378C for 1 h in a 50 ml reaction containing oligodendrocytes (dT) 15 , 0.2 mM dNTPs, RNase inhibitor and MoMuLV reverse transcriptase. PCR was performed using the oligonucleotide pairs as indicated in Table 1 . 
